The purpose of this research was to improve the functional properties of gluten-free (GF) wholemeal buckwheat bread by sourdough fermentation and addition of arabinoxylan (AX) and pyranose 2-oxidase (POx). AXs are able to cross-link to other AX molecules under acidic conditions, which is supported by the addition of oxidizing enzymes (e.g., POx). On a first approach, the optimal sourdough concentration (% acidification of total flour weight) was adjusted. The best results were seen at an acidification of 82% of total flour weight. The optimal dosage of 3% AX and 1 nkat POx/g flour was able to increase the specific volume from 1.80 to 1.93 cm 3 /g bread and reduce the firmness from 9.61 to 4.69 N compared to the control bread and presented an acceptable relative elasticity of 62.20 ± 0.96%. These effects were then compared in breads produced from wholemeal and refined buckwheat flour. Interestingly, the wholemeal buckwheat bread showed a significantly lower firmness and higher relative elasticity than the bread from refined flour, which can be mainly attributed to the higher protein and dietary fibre content of wholemeal flour. Overall, this study suggested that addition of AX and POx could positively increase the quality of GF buckwheat bread. 
Introduction
Bread is a staple food in Western countries that provides essential nutrients to the organism. Thus, the availability of similar GF alternatives is essential to people with glutenrelated disorders (Rosell et al., 2015) . To increase the consumer acceptance and meet the requirements of the bakery industry, breads should be characterized by a soft crumb and sufficient dough elasticity to allow gas cell expansion and increase the loaf volume (Rosell et al., 2010) . Still most GF breads have an unsatisfying nutritional value and poor functional properties such as deficient gas retention, low loaf volume and crumbly texture (Naqash et al., 2017) . Therefore, in recent years, alternative ingredients that imitate the viscoelastic properties of gluten and improve the final bread quality have been investigated (Mir et al., 2016) . These include the use of pseudocereals such as buckwheat (Moroni et al., 2011) , wholemeal instead of refined flour based recipes (Hager et al., 2012) , the application of sourdough (Moroni et al., 2009 ) and the addition of different enzymes (Renzetti and Rosell, 2016) and hydrocolloids (Mir et al., 2016) . Arabinoxylans (AXs) occur naturally in the cell wall of cereals such as rye. Besides their functionality in gluten-containing products, they have been used in GF bread making (Buksa, 2016) as hydrocolloid. AXs consists of a backbone of β-(1,4)-xylopyranosyl units with arabinofuranosyl substitutions on the C(O)-2 and/or C(O)-3 position and some arabinosyl units are covalently attached to ferulic acids via ester linkages (Grootaert et al., 2007) . AX can be categorized as water-soluble and water-insoluble AX (Figueroa-Espinoza et al., 2002) , whereof only water-soluble fractions have the ability to form a three-dimensional network with other AXs or other polymers (like lignin or proteins) in the presence of water and oxidizing agents or enzymes, such as hydrogen peroxide (H 2 O 2 ), POx or glucose oxidase (GOx). As waterinsoluble AXs are already cross-linked, they are not able to form such gels. Furthermore, the cross-linking ability is associated with the higher molecular weight and substitution degree of water-soluble AX compared to water-insoluble AX and the availability of dimer and trimer ferulic acids. The latter determines the extent of AX gelation, which further increases the water holding capacity of the final product, as water is retained within the network (Izydorczyk and Biliaderis, 2007) . Because of these properties, AXs are considered as novel ingredients to improve functional bread properties. Ayala-Soto et al. (2017) reported an improved loaf volume and crumb hardness of GF breads with the use of maize fibre AX; while Bender et al. (2018a) found positive effects of AX and POx addition on rheological properties of buckwheat model systems. In addition, the use of sourdough could positively influence the crosslinking ability of AX as the oxidative gelation of AX is favoured by the acidification of the bread dough (Arendt et al., 2007) . In an appropriate amount, sourdough addition alone can improve the stability and shelf life of GF breads, which generally have a short shelf life and thus prevent microbiological spoilage by production of antifungal compounds against common bread spoilage organisms by sourdoughlactic acid bacteria. Also, functional properties (specific volume and texture) as well as flavour and nutritional value can be enhanced (Moroni et al., 2009 ). However, research on GF breads added with AXs is still limited. Hence, the overall objective of this study was to improve the functional properties of gluten-free (GF) bread based on wholemeal buckwheat flour by sourdough fermentation and addition of AX and Pox. This was done to provide new fundamental information for bread manufacturing industries and to people in need of GF products. On the first approach, the optimal sourdough concentration of buckwheat flour bread was adjusted. A response surface methodology was applied to optimize the texture and loaf volume of GF bread using different AX and POx concentrations. In addition, crumb porosity and crust colour were analysed. In the last step, the results found in wholemeal buckwheat flour based breads were compared to the functional properties of breads produced from refined buckwheat flour, as refined flour based breads were suggested to show more desirable functional properties than the wholemeal based ones (Hager et al., 2012) .
Material and methods

Materials
Buckwheat grains were purchased from Caj. Strobl Naturmühle GmbH (Linz, Austria). To obtain refined buckwheat flour, grains were ground with a laboratory mill 229 Improving gluten-free buckwheat bread by sourdough fermentation and addition of arabinoxylan and pyranose 2-oxidase Die Bodenkultur: Journal of Land Management, Food and Environment 69 (4) 2018 Metefém, Hungary) and sieved with a laboratory sieve (AS200, Retsch, Germany) to achieve a standard particle size of 250 µm (ISO 3310-1:2016) . For wholemeal buckwheat flour, the grains were ground in a pin mill (Pallmann Maschinenfabrik, PXL 18, Zweibrücken, Germany) at 12,000 rpm. The chemical composition of wholemeal buckwheat flour was 14.27 ± 0.02% dm (= % dry matter) protein, 2.87 ± 0.01% dm fat, 67.07 ± 0.09% dm starch, 0.42 ± 0.04% dm soluble dietary fibres, 5.42 ± 0.20% dm insoluble dietary fibres and 2.27 ± 0.03% dm ash; while for refined buckwheat flour, it was 2.27 ± 0.03% dm protein, 2.27 ± 0.03% dm fat, 82.54 ± 4.26% dm starch, 0.13 ± 0.03% dm soluble dietary fibres, 1.51 ± 0.05% dm insoluble dietary fibres and 0.99 ± 0.00% dm (the sum of soluble and insoluble dietary fibre is total dietary fibre). These properties were derived from Bender et al. (2018b) , except for the starch content, which was calculated by differences. Rye AX was extracted with calcium hydroxide following the procedure of Bender et al. (2017b) and POx was recombinantly expressed from the white rot fungus Phanerochaete chrysosporium and purified, as explained by Spadiut et al. (2010) . A commercial GF rice-based sourdough starter culture (Böcker Reinzucht-Sauerteig-Reis) was purchased from Ernst Böcker GmbH & Co (Minden, Germany). Sugar and salt were bought from Agrana (Vienna, Austria) and Salinen (Ebensee, Austria), respectively, while instant yeast (SAF-INSTANT ® ) was donated by Lesaffre Austria AG (Wiener Neudorf, Austria).
Preparation of gluten-free buckwheat breads and experimental procedure
To adjust the effect of sourdough on the wholemeal buckwheat bread properties, different sourdough concentrations of 18%, 36% and 54% of total flour weight were tested. Additionally, 82% of total flour weight was analysed to make the results comparable to the previous research (Bender et al., 2017a) .
To study the effect of AX and POx on GF wholemeal buckwheat bread, a random two factor, three level (2 2 ) response surface face-centred central composite design was used, which consisted of nine different baking formulations and eleven runs, including three repetitions of the central point, as presented in Table 1 . Variable limits (AX: 0-6%; POx: 0-2 nkat/g flour) were established according to the preliminary tests with the aim to optimize the functional properties. The response variables, namely crumb firmness, relative elasticity and specific volume, as well as pore diameter and gas cell area of the bread crumb were analysed. Within a third trial, the best bread formulation was additionally tested using refined buckwheat flour and compared to its wholemeal counterpart. For the preparation of the sourdough, the commercial GF starter culture was dissolved in water at 30 °C and then manually mixed with flour until complete homogenization took place. The ratio of water, flour and starter culture was 1:1:10. The resulting batter was fermented in a fermenter (60/rW, MANZ Backtechnik GmbH, Creglingen, Germany) at 30 °C and 85% R.H. for 20 h. A simplified recipe, as described by Bender et al. (2018b) , was used for wholemeal and refined buckwheat bread, based only on buckwheat flour (100%), water (100%), salt (1.9%), sugar (1.9%), instant yeast (1.9%) and sourdough (82%) without any further additives (% of total flour weight, including flour of sourdough and bread preparation). AX was added to the dry ingredients, while POx was always added to the water. When AX was used, additional water was added to the formulation, according to its water holding capacity (= 1.64 g H 2 O/g AX) (Bender et al., 2018b) . Subsequently, the sourdough and water was added to the batter and mixed at 300 rpm with a laboratory dough mixer (Bär Varimixer RN10 VL-2, Wodschow & Co., Denmark) for 1 minute and at 78 rpm for 4 minutes. Always a portion of 400 g batter were weighed into a baking tin (bottom: L × W × H: 15 × 11 × 7 cm, top: 15 × 13× 9 cm) and fermented at 30 °C and 85% R.H. for 35 minutes. The dough was baked at 180 °C for 40 minutes (60/rW, MANZ Backtechnik GmbH, Creglingen, Germany). Before the analyses of functional properties, breads were cooled down for 1.5 h and stored at 20 °C and 50% R.H. for 18.5 h. All the baking trials were carried out in duplicates.
Determination of the functional properties of batter and bread
To determine the specific loaf volume, the rapeseed displacement method, following the guidelines of the AACCI (10-05.01) approved method, was used (AACCI, 2000) . Duplicate measurements of each loaf were done, resulting in four values for each formulation. The crumb firmness (Fmax) after 25% deformation was measured according to the AACCI (74-09.01) standard method (AACCI, 2000) with a texture analyser (TA-XT2i, Stable Microsystems TM Co., Godalming, UK), including a 5 kg load cell and an SMS 100 mm diameter compression probe (p/100). Relative elasticity (REL) was calculated by dividing Fmax by the force at the end of the relaxation time (F120). Six rectangular samples of 3 × 3 × 2 cm (L × W × H) were cut out of each bread loaf. To determine the crumb colour, a Digi-Eye ® System (Carl von Gehlen Spezialmaschinen und Zubehör GmbH & Co. KG, Mönchengladbach, Germany), including a digital camera D-90 Nikon (Tokyo, Japan), was used. Analysis was performed in duplicate measurements. Crumb porosity of a 20 × 20 mm square of the centres of two bread slices was analysed applying the ImageJ software (1.47v, National Institute of Health, Bethesda, USA). The mean pore diameter and total cell area were measured. In total, always four values were obtained for each formulation. The titratable acidity (TTA), measured according to the ICC Standard method No. 145 (ICC, 1995) , and the pHvalue were analysed before and after the fermentation of the batter to control its acidity.
Statistical analyses
Statistical analyses were performed using STATGRAPH-ICS Centurion 18, version 18.1.02 (Statpoint Technologies, Inc., Warrenton, Virginia, USA). To determine significant differences between the samples, a one-way ANOVA (analysis of variance; α = 0.05) and Tukey HSD test were used, while for non-parametric samples, a Kruskal-Wallis test (α = 0.05) and Games-Howell test were applied. Significant differences are indicated by different lower case letters in the same column, when p ≤ 0.05.
Results and discussion
Effect of sourdough on buckwheat batter and bread properties
The use of sourdough in bread making is widely established to improve textural, sensory and nutritional bread properties, and it further affects the final pH of the bread batter. The acidification of the batter in turn can affect structure-forming molecules in the flour and alter dough stability (Arendt et al., 2007) . For that purpose, the effect of sourdough addition on the functional properties of buckwheat batters and breads was studied. As shown in Figure 1 , dough acidity showed a direct proportional relationship to sourdough addition. Although sourdough addition did not significantly change the pH of the batter, TTA was significantly increased. After fermentation, the pH of the batter decreased and TTA increased. The effect of sourdough on the functional properties of buckwheat breads is displayed in Table 2 . Higher sourdough concentration lead to lower crumb firmness and relative elasticity and improved crumb porosity (Figures 3 A-D) . Specific volume was not significantly influenced. The increased acidification of the batter with 82% sourdough (Figure 1 ) most likely affected the structureforming components of the flour (e.g., proteins, starch and AX) (Arendt et al., 2007; Bender et al., 2017a) and resulted in the significantly lowest crumb firmness (Table 2) . For wheat bread, low pH levels were previously related to changes in a gluten and AX network (Arendt et al., 2007) as well as to the modifications in crumb firmness (Schober et al., 2003) . In the current study, a non-homogenous pore structure was observed for all breads, except for breads with 82% acidification of total flour weight, which resulted in a very continuous pore structure, with rather small sized gas cells of high uniformity. Based on these results, sourdough concentration was set at 82% for all further trials with AX and POx addition.
Effect of AX and POx on buckwheat bread properties
To evaluate the effect of AX and/or POx on the quality of wholemeal buckwheat sourdough breads, a response surface methodology was used. Goodness-of-fit statistics for firmness, relative elasticity and specific volume were considered as high, as R 2 values indicated 73.83, 87.81 and 76.90, respectively (Table 1) . On the other hand, the R 2 values for crumb pore diameter and gas cell area were extremely low, 11.92 and 11.25, respectively; thus, the used model was not appropriate for describing the effects of AX and POx on crumb porosity. The quadratic factor of AX (AA) positively influenced the loaf volume (p = 0.019), whereas AX (A) had a negative effect on the relative elasticity (p = 0.003). On the contrary, neither AX nor POx or their interaction significantly affected crumb firmness (p > 0.05). The response surface plot for firmness (Figure 2 A) indicated that the lowest values were achieved with 2-3% AX and 1 nkat POx/g flour, while higher levels of AX and/or POx increased firmness, although these effects were not significant. Ayala-Soto et al. (2017) recommended a higher addition of AX (6%) without enzyme substitution to GF bread formulations to optimize firmness. As already mentioned, crumb elasticity was reduced by the addition of AX, but still all breads showed a high relative elasticity, ranging between 62.20 and 66.06%, except for the formulations 6AX0POx and 6AX2POx (Table 1) . Thus, in contrast to literature on GF breads, the elasticity of buckwheat breads in the current work was considered as acceptable and all formulations (except for 6AX0POx and 6AX2POx) showed an even higher elasticity than that of wheat breads without additives (56.6 ± 1.11%) (Schoenlechner et al., 2013) . In a previous study of Bender et al. (2017a) , they presented lower relative elasticity (55.68 ± 0.37%) of control breads, using the same buckwheat flour. However, mixing speed and proofing time were slightly different in the current research. According to Gómez et al. (2013) , the process steps (e.g., mixing and fermentation) are crucial for final bread quality and could thus explain the differences in texture. In their study, it was concluded that mixing at a lower speed and for a longer mixing period resulted in higher specific loaf volume and a decrease in firmness. In the current study, specific volume had a significant maximum at 3% AX addition (Table 1: the quadratic effect for AX was significant), which was further increased with the addition of POx, although the latter not significantly (Figure 2 C) . AX and POx did not always act synergistically, as some of the combinations (e.g., 6AX-2POx) showed detrimental effects on the relative elasticity and specific volume. These effects could be attributed to the formation of hydroxyl radicals from H 2 O 2, which further degrade the AX structure by radical cleavage, as described by Schooneveld-Bergmans et al. (1999) . Another explanation would be the cross-linking of water-soluble AXs into water-insoluble AXs (Bender et al., 2018a; Decamps et al., 2013) , which could negatively affect the functional bread properties (Izydorczyk and Biliaderis, 2007) . Water-insoluble AXs could probably form a barrier for AX and protein network formation in GF batter systems. Considering the pore structure of the bread crumb, the pore diameter as well as the gas cell area were increased by the addition of AX (e.g., formula 6AX0POx). But as the porosity of buckwheat sourdough breads already showed an acceptable porosity (= a homogenous pore size and high cell area) without AX or POx (Figure 3 D) , differences after AX and POx addition were only minor and thus not significant. In addition to the texture parameters, the crumb colour was analysed. All formulas with addition of AX showed a significant increase in redness (a*) and yellowness (b*) compared to the control breads (Control: a* = 8.32 ± 0.24; b* = 16.55 ± 0.45; 3AX0POx: a* = 10.22 ± 0.18; b* = 20.71 ± 0.75; 6AX0POx: a* = 11.14 ± 0.23; b* = 21.78 ± 0.32). Lightness (L*) of the crumb was only significantly decreased with the addition of 6% AX (6AX0POx, 6AX1POx and 6AX2POx) compared to the control breads (L* = 55.42±0.39), resulting in L*-values of 46.75 ± 1.57, 47.84 ± 0.73 and 46.10 ± 0.08, respectively. This colour change is mainly attributed to the dark colour of the added AX, and to a small extent, it might also have been caused by the increased caramelization due to its higher sugar content. On the other hand, the addition of POx did not affect the crumb colour (data not shown). Crumb colour of all formulas with AX and POx is visually presented in Figure 3 . The pH of the buckwheat batters was unaffected by the addition of AX and POx and remained between 4.77 and 4.92 and between 4.69 and 4.82, before and after fermentation, respectively. These pH values are favourable for AX cross-linking, as according to Izydorczyk et al. (1990) it can occur very fast within an acidic batter; also, oxidation of its ferulic acid has an optimum at pH ≈ 4.0. (Bernards et al., 1999) . Hence, it is argued that the acidification of the buckwheat batter contributed to the AX gelation. Overall, the formulation with 3% AX and 1 nkat POx/g flour was considered to improve the functional properties of wholemeal buckwheat bread the most. The predicted factors of the experimental design suggested a combined use of AX and POx of 1.92% and 1.27 nkat POx/g flour to lower the firmness and 2.24% and 2 nkat POx/g flour to enhance the specific volume (Table 1) . When both these answers are considered, the best optimum addition seemed to be an addition of 3% AX and 1 nkat POx/g flour. A moderate concentration of POx is able to enhance AX cross-linking by the formation of H 2 O 2 , as seen in the previous research of buckwheat (Bender et al., 2018a) and wheat dough systems (Decamps et al., 2013) . A study of Gujral and Rosell (2004) also reported the highest loaf volume and the softest crumb with the combined use of a hydrocolloid (hydroxypropyl methylcellulose) and an oxidative enzyme (GOx) on GF (rice flour) bread.
Effect of different buckwheat flours on buckwheat bread properties
Since most commercially available GF breads are made from refined flours, the effect of addition of AX and POx on the functional properties of bread made from refined buckwheat flour was tested and compared to the breads made from wholemeal buckwheat flour. An addition of 3% AX and 1 nkat POx/g flour was selected in the bread formulation to determine these effects. As Table 3 shows, the specific volume and relative elasticity were not different between the breads produced from refined or wholemeal flour without any AX or POx addition, and the crumb firmness was higher in bread from refined flour than from wholemeal flour. This is in contradiction to the previous investigations (for wheat bread) that associated wholemeal flours with a low specific volume, arguing that the high amount of bran particles could damage or destroy gas cells by piercing them (Hager et al., 2012) . On the other hand, Phimolsiripol et al. (2012) also found that rice bran addition to rice-based GF bread did significantly improve the final bread quality (volume and texture). In their study, it was also argued that the addition of bran is able to deliver a certain stability to GF doughs, as they often contain very high amounts of starch giving a dense structure. After AX and POx addition, again bread volume remained the same between the two types of flours, but relative elasticity of buckwheat breads significantly differed between the two flours tested; in refined flour, it became lower. While AX and POx significantly decreased the firmness in wholemeal buckwheat bread, they had no effect in the refined flour breads. For refined and wholemeal buckwheat breads, it was visually as well as statistically perceived that the addition of 3% AX and 1 nkat POx resulted in a darker crumb colour compared to its control (Table 3 and Figures 3 D, I , M and N). The darkening in colour is desirable, as GF breads are often very pale compared to their gluten-containing counterparts due to the dominant use of plain starches instead of flour (Gallagher et al., 2003) . The different refinements of buckwheat flour did not affect the pore structure (Table 3) . Wholemeal and refined buckwheat bread showed a similar pore size with a high uniformity (Figure 3) . From the present findings, differences among the buckwheat flours are mainly attributed to their variation in chemical composition, since the protein and dietary fibre content of wholemeal buckwheat is higher than that of the refined buckwheat flour, as described in chapter 2.1. This is in agreement with Martínez et al. (2013) , who suggested that dietary fibres have various benefits on GF bread properties and with Sciarini et al. (2010) , who reported improved GF bread-and dough quality with the use of GF flours high in protein. Further, it is assumed that the improved texture of breads with wholemeal flour could be related to an enhanced cross-linking of AX and flour proteins. Besides, the particle size of the two flours var- ied slightly, as the refined flour showed a finer particle size (= standard particle size of 250 µm), while in the wholemeal flour, coarse bran particles remained after milling. The coarser bran particles of the wholemeal flour might also positively affect the crumb structure and its hardness. A study of De la Hera et al. (2014) focused on the particle size of different maize flours and associated a higher bread quality, especially a higher loaf volume and a softer bread crumb, with coarser flours. The acceptable texture of breads with wholemeal flour is highly targeted because of the techno-functional and health benefits related to dietary fibres. On the other hand, the differences between wholemeal and refined buckwheat breads could be associated with the different water holding capacities of the flours. In the current work, the same amount of water was added to both buckwheat formulations to simplify their comparison. The water holding capacity of the refined buckwheat flour was not determined and this could have significantly affected the quality of the refined breads. Hence, changes in water addition or proofing time of refined buckwheat breads might improve its quality.
Conclusion
From the current research, buckwheat breads added with sourdough and a moderate amount of AX (up to 3%) and POx (up to 1 nkat/g flour) showed a highly acceptable specific volume, crumb firmness, a good pore structure and an appealing crumb colour, suggesting a positive effect on those factors. However, AX and POx, added in too high amounts negatively affected the bread quality. Their ideal concentration therefore needs to be examined and considered carefully. Breads from wholemeal buckwheat flour revealed a significantly enhanced crumb texture compared to those from the refined flour. Hence, GF sourdough bread formulations including wholemeal buckwheat flour, AX addition up to 3% and POx are not only interesting for food manufacturers, but could be also a good step towards the availability of natural and healthy foods for gluten intolerant people.
